We examined the mechanism of atrial natriuretic factor (ANF) transcription by isoproterenol (ISO), an agonist for the ␤-adrenergic receptor (␤AR), in cardiac myocytes. ISO only modestly activated members of the mitogen-activated protein kinase family. ISO-induced ANF transcription was not affected by inhibition of mitogen-activated protein kinases, whereas it was significantly inhibited by KN93, an inhibitor of Ca 2؉ /calmodulin-dependent kinase (CaM kinase II). Production of 3-phosphorylated phosphatidylinositides (3 phosphoinositides) was also required for ISO-induced ANF transcription. ISO caused phosphorylation (Ser-473) and activation of Akt through CaM kinase II-and 3 phosphoinositides-dependent mechanisms. Constitutively active Akt increased myocyte surface area, total protein content, and ANF expression, whereas dominant negative Akt blocked ISO-stimulated ANF transcription. ISO caused Ser-9 phosphorylation and decreased activities of GSK3␤. Overexpression of GSK3␤ inhibited ANF transcription, which was reversed by ISO. ISO failed to reverse the inhibitory effect of GSK3␤(S9A), an Akt-insensitive mutant. Kinase-inactive GSK3␤ increased ANF transcription. Cyclosporin A partially inhibited ISOstimulated ANF transcription, indicating that calcineurin only partially mediates ANF transcription. These results suggest that both CaM kinase II and 3 phosphoinositides mediate ␤AR-induced Akt activation and ANF transcription in cardiac myocytes. Furthermore, ␤AR-stimulated ANF transcription is predominantly mediated by activation of Akt and subsequent phosphorylation/inhibition of GSK3␤.
The development of cardiac hypertrophy is a complex process mediated by mechanical forces, neurotransmitters, and hormonal factors (1, 2) . In vivo and in vitro studies have shown that stimulation of myocardial ␤-adrenergic receptors (␤ARs) 1 results in cardiac hypertrophy characterized by increases in the cell size, reexpression of the "fetal gene" program (atrial natriuretic factor (ANF) and skeletal ␣-actin), and organization of actin cytoskeleton (3) (4) (5) (6) (7) (8) . 2 The phenotype of cardiac hypertrophy stimulated by Gs-coupled ␤AR is similar, if not identical, to that by agonists for Gq␣-coupled receptors, such as angiotensin II, phenylephrine (PE), and endothelin-1, 2 despite the fact that the intracellular signaling mechanism activated by Gs␣ and that by Gq␣ are substantially different. We have shown that increases in the protein content and transcription of ANF induced by ␤AR stimulation are predominantly mediated by the ␤1AR subtype and that both Gs␣ and G␤␥ in concert mediate ␤AR-stimulated ANF transcription. 2 The intracellular signaling mechanism remains unclear, however, as to how stimulation of the ␤1AR causes cardiac hypertrophy.
Many protein kinases and protein phosphatases are activated by hypertrophic stimuli in the heart, and a series of protein phosphorylation and de-phosphorylation events are responsible for induction of specific phenotypes in cardiac hypertrophy. Among them, growing lines of evidence suggest that members of the MAP kinase family, including ERKs, JNKs, and p38-MAPK, play an important role in formation of cardiac hypertrophy caused by many stimuli (10 -17) . Another recently emerged mechanism mediating cardiac hypertrophy involves calcineurin, a Ca 2ϩ -activated protein phosphatase (18, 19) . It is unclear at present, however, whether these previously well studied signaling mechanisms play a major role in ␤AR-stimulated cardiac hypertrophy.
By contrast with the wealth of knowledge as to the role of MAP kinases, the role of signaling molecules regulated by 3Ј-phosphorylated phosphatidylinositides (3 phosphoinositides) in cardiac hypertrophy has been less well understood. Akt (also called as protein kinase B) is a serine/threonine protein kinase activated by many growth factors, including platelet-derived growth factor and insulin (reviewed in Refs. 20 and 21) , and the activation of which is, in many cases, initiated by binding of 3 phosphoinositides to its pleckstrin homology domain, translocation from the cytoplasm to the plasma membrane, and subsequent phosphorylation by upstream kinases, including PDK1 (22) . Akt phosphorylates various intracellular substrates, thereby affecting metabolism (23) , protein synthe-sis (24, 25) , and cell survival/apoptosis (26, 27) (reviewed in Ref. 28) . Akt also regulates nuclear transcription factors (29 -33) , thereby controlling gene expression (reviewed in Ref. 21) .
Among cellular substrates of Akt, glycogen synthase kinase 3 (GSK3) is a ubiquitously expressed serine/threonine kinase the activity of which is inhibited by Akt (23) . GSK3 phosphorylates a range of substrates, including glycogen synthase, ␤-catenin (34), several transcriptional factors (reviewed in Ref. 35 ), a translation initiation factor (36) , and a cell cycle regulator (37) . Interestingly, GSK3␤ phosphorylates NF-AT3, thereby causing its nuclear exit in COS cells. By contrast, calcineurin dephosphorylates NF-AT3 and causes its nuclear accumulation, which in turn mediates cardiac hypertrophy (18, 19) . Thus, it is possible that GSK3␤ may counteract the effect of calcineurin in the heart, and more importantly, Akt-induced inhibition of GSK3␤ may serve as an alternative mechanism to stimulate transcriptional events promoting cardiac hypertrophy. Little information is available, however, with regard to the role of the Akt-GSK3␤ pathway in cardiac hypertrophy.
The present investigation was conducted to elucidate signaling mechanisms of cardiac hypertrophy induced by ␤AR stimulation. We studied the mechanism of ANF transcription, because ANF transcription in ventricular myocytes is frequently activated in many types of cardiac hypertrophy, and the result of this investigation may be compared with those of previous studies regarding the mechanism of ANF transcription by stimulation of the Gq-coupled receptors. In particular, we examined the role of MAP kinases, the Akt-GSK3␤ pathway, and other signaling mechanisms in ␤AR-mediated ANF transcription. Our results suggest that members of the MAP kinase family, including ERKs, JNKs, and p38-MAPK, do not play a central role in ␤AR-mediated ANF transcription. By contrast, a signaling molecule activated by both Ca 2ϩ /calmodulin-dependent protein kinase (CaM kinase II) and 3 phosphoinositides, namely Akt, plays a critical role in ␤AR-stimulated ANF transcription. Furthermore, we provide evidence that phosphorylation and subsequent inhibition of GSK3␤ by Akt is essential for ␤AR-stimulated ANF transcription.
EXPERIMENTAL PROCEDURES
Materials-KN93, wortmannin, and LY 290042 were purchased from Biomol. Rapamycin was provided by Wyeth-Ayerst Research. SB203580 was purchased from Calbiochem. Cyclosporin A was from Sigma.
Primary Cultures of Neonatal Rat Ventricular Cardiac MyocytesPrimary cultures of ventricular cardiac myocytes were prepared from 1-day-old Crl:(WI)BR-Wistar rats (Charles River Laboratories) as described previously (38) . In brief, cardiac myocytes were dispersed from the ventricles by digestion with collagenase type IV(Sigma), 0.1% trypsin (Life Technologies, Inc.), and 15 g/ml DNase I (Sigma). Cell suspensions were applied on a discontinuous Percoll gradient (1.060/1.086 g/ml) made up in Ads buffer (116 mM NaCl, 20 mM HEPES, 1 mM NaH 2 PO 4 , 5.5 mM glucose, 5.4 mM KCl, 0.8 mM MgSO 4 , pH 7.35) and subjected to centrifugation at 3000 rpm for 30 min (4). Cells were cultured in the cardiac myocyte culture medium containing Dulbecco's modified Eagle's medium/Ham's F-12 medium supplemented with 5% horse serum, 4 g/ml transferrin, 0.7 ng/ml sodium selenite (Life Technologies, Inc.), 2 g/liter bovine serum albumin (fraction V), 3 mmol/liter pyruvic acid, 15 mmol/liter HEPES, 100 mol/liter ascorbic acid, 100 g/ml ampicillin, 5 g/ml linoleic acid, and 100 mol/liter 5-bromo-2Ј-deoxyuridine (Sigma). We obtained myocyte cultures in which more than 95% were myocytes, as assessed by immunofluorescence staining with a monoclonal antibody against sarcomeric myosin (MF20). Culture media were changed to serum-free at 24 h. Myocytes were cultured in serum-free conditions for 48 h before experiments.
Plasmid Constructs-Plasmids encoding constitutively active MEK1 (MEK1(⌬N3-S218E-S222D)) and dominant negative MEK1 (MEK1-(K97M)) were provided by Dr. K.-L. Guan (University of Michigan). Dominant negative MEKK1 (MEKK1(K1257M)), constitutively active MKK3, constitutively active Ras (L61Ras), and dominant negative Ras (N17Ras) were provided by Dr. L. B. Holzman (University of Michigan). Dominant negative p38-MAPK (human CSBP1 (39), T180A, and Y182F) was provided by Dr. Y. Takuwa (Kanazawa University). Plasmid encoding the catalytic subunit of protein kinase A (PKA) was purchased from Stratagene. Plasmids encoding an epitope-tagged Akt (HA-Akt), constitutively active Akt (HA-myr Akt and HA-Akt(E40K)), and dominant negative Akt (HA-Akt(K179M) and HA-CAAX-Akt) have been described (40) . For some experiments, recombinant adenovirus harboring constitutively active Akt (Ad5⅐CMV 6-myr-Akt) was used. Adenovirus harboring lacZ (Ad5⅐CMV-␤-galactosidase) was used as control. Plasmids expressing constitutively active PI3K (p110*) and its kinase-deficient mutant (p110*⌬kin) (41) were provided by Dr. L.T. Williams (Chiron Corporation). GSK3␤ was amplified by reverse transcription-polymerase chain reaction from the rat skeletal muscle mRNA, subcloned into pCR3.1 (Invitrogen) and the entire open reading frame was sequenced to confirm the correct sequence. Kinase-inactive GSK3␤ (GSK3␤KI, K85M, and K86I) (42) and GSK3␤(S9A) were prepared by site-directed mutagenesis using a Quick Change mutagenesis kit from Stratagene. PTEN and PDK1 were amplified by polymerase chain reaction from a human heart cDNA library (CLONTECH) subcloned into pCR3.1, and the entire open reading frame was sequenced.
Transient Transfection and Reporter Gene Assays-For transient transfection, myocytes were plated at a density of 1 ϫ 10 6 per well in six-well plates. Twenty-four h after plating, the medium was changed to Dulbecco's modified Eagle's medium/Ham's F-12 medium without supplement. Transfections were carried out using 10 l/ml of LipofectAMINE (Life Technologies, Inc.) in 1 ml/well Dulbecco's modified Eagle's medium medium. To determine whether the MAP kinases are activated by a given stimulus, the PathDetect TM in vivo signal transduction pathway trans-reporting system (Stratagene) was used, in which a plasmid (1 g/ml) containing five tandem repeats of the yeast GAL4 binding sites linked to firefly luciferase (pFR-Luc) and another plasmid (50 ng/ml), consisting of the activation domain of a transcription factor, Elk1, c-Jun, ATF2, or CHOP fused with the DNA binding domain of the yeast GAL4, were cotransfected. To determine the activity of the ANF promoter, a plasmid (1 g/ml) containing a 638-or 3003-base pair fragment of the rat ANF promoter linked to firefly luciferase (ANF-Luc (638), courtesy of Dr. K. R. Chien, University of California, San Diego, CA (4) or ANF-Luc (3003) 2 ) was used. In some experiments, myocytes were co-transfected with various doses of expression plasmid encoding signaling molecules. Total amounts of DNA were adjusted to 2 g/ml by adding an empty vector. Twenty-four h after the transfection, the culture medium was changed to the cardiac myocyte culture medium without serum. Myocytes were further cultured in the presence or absence of isoproterenol (ISO) (10 M), PE (10 M), or fetal bovine serum (20%) for an additional 24 h. Myocytes were then lysed with the Reporter lysis buffer (Promega) and luciferase activities measured. An SV40 promoter-driven ␤-galactosidase construct (SV40-␤-gal, 0.5 g/ml) was co-transfected, and the ␤-gal activity was determined by using Lumi-Gal 530 (Lumigen). The luciferase values were divided by the ␤-gal values to correct for differences in the transfection efficiency.
Immunoblotting-Cardiac myocytes were grown in six-well plates (1 ϫ 10 6 cells/well). Myocytes were lysed with 100 l of lysis buffer. For Akt, lysis buffer contained 50 mM HEPES (pH 7.6), 1 mM EDTA, 5 mM EGTA, 10 mM MgCl 2 , 50 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 10 mM NaF, 30 mM sodium pyrophosphate, 2 mM dithiothreitol, 1 mM AEBSF. For GSK3␤, lysis buffer contained 20 mM Tris (pH 7.5), 25 mM ␤-glycerophosphate, 100 mM NaCl, 1 mM Na 3 VO 4 , 2 mM EGTA, 2 g/ml leupeptin, 1 g/ml aprotinin, 1 mM AEBSF. Samples were subjected to SDS-PAGE, and transferred onto polyvinylidene difluoride membranes. The membranes were probed with anti-phospho-Akt (Ser-473) (New England BioLabs) or anti-phospho-GSK3␤ (Ser-9) (Oncogene Research Product) antibodies. Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antibodies were used as secondary antibodies. The bound secondary antibody was detected by the enhanced chemiluminescence (Amersham Pharmacia Biotech).
Determination of Kinase Activities of Akt and GSK3␤-The activity of Akt and GSK3␤ was measured by the immune complex kinase assay. For Akt, the cells were lysed with 1 ml of a lysis buffer (1% Nonidet P-40, 10% glycerol, 137 mM NaCl, 20 mM Tris (pH 7.4), 1 g/ml aprotinin, 2 g/ml leupeptin, 1 mM AEBSF, 20 mM NaF, 1 mM Na 3 VO 4 , 30 mM sodium pyrophosphate). Akt was immunoprecipitated with rabbit antiAkt antibody coupled to protein A-Sepharose (New England BioLabs). After washing the immune complex, kinase activities were assayed with GSK3 fusion protein (GSK3␣ peptide 7-25 fused to paramyosin) (New England BioLabs) as a substrate, in a reaction buffer, containing 25 mM Tris (pH 7.5), 5 mM ␤-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , 200 M ATP. The phosphorylation reactions were allowed to proceed for 30 min at 30°C and then were stopped by adding 20 l of 3ϫ SDS sample buffer. The samples were loaded on SDS-PAGE gel (15%). The extent of GSK3 phosphorylation caused by immunoprecipitated Akt was determined by Western blot analyses using anti-phospho-GSK3␣/␤ (Ser-21/Ser-9) antibody (New England BioLabs). For GSK3␤ kinase activity assays, the cells were lysed with 1 ml of lysis buffer (20 mM Tris (pH 7.5), 25 mM ␤-glycerophosphate, 100 mM NaCl, 1 mM Na 3 VO 4 , 2 mM EGTA, 2 g/ml leupeptin, 1 g/ml aprotinin,1 mM AEBSF) (43) . GSK3␤ was immunoprecipitated with anti-mouse GSK3␤ antibody (Calbiochem) coupled to protein G-Sepharose. After washing the immune complex, the kinase activity was assayed by using 1 g of GS peptide-2 (Upstate Biotechnology) as a substrate in a reaction buffer containing 25 mM ␤-glycerophosphate, 40 mM HEPES (pH 7.2), 10 mM MgCl 2 , 1 mM protein kinase inhibitory peptide (rabbit sequence), 50 M ATP, 5 Ci of [␥-
32 P]ATP. After 20 min of incubation at 30°C, 15 l of radiolabeled peptide was spotted onto Whatman P81 filter papers. Samples were washed five times for 5 min each in a large volume of 180 mM of phosphoric acid and then once for 3 min in 99% ethanol. After drying, the samples were counted using a beta counter.
Measurement of the Myocyte Cell Surface Area and Determination of ANF Expression in Myocytes Transfected with Epitope-tagged Akt-
Myocytes were grown on gelatin-coated glass coverslips. Twenty-four h after plating, myocytes were transfected with either HA-Akt (E40K) or HA-myrAkt and cultured for 48 h in serum-free conditions. Myocytes were then fixed with paraformaldehyde (3.6%) for 10 min. Double staining was performed by using affinity purified anti-HA monoclonal antibody (3F10, Roche Molecular Biochemicals) at a 1:200 dilution and anti-ANF polyclonal antibody (Peninsula) at a 1:100 dilution. Rhodamine-conjugated anti-rat IgG and FITC conjugated anti-rabbit IgG were used as secondary antibodies. The myocyte surface area and ANF expression in HA staining-positive myocytes were compared with those in HA-negative myocytes. To determine the myocyte surface area, microscope images (ϫ 400) were captured by a digital camera, and analyses were performed by using Adobe Photoshop.
Measurement of the Total Protein Content-Cardiac myocytes were plated on six-well plates and cultured in a serum-free condition for 48 h before experiments. Myocytes were infected with adenovirus harboring myr Akt or ␤-gal and further cultured for 48 h. After stimulation, each well was rinsed three times with phosphate-buffered saline. The cell layer was scraped with 1 ml of 1x standard sodium citrate containing 0.25% (w/v) SDS and vortexed extensively. The total cell protein and the DNA content were determined by the Lowry method and the Hoechst dye method, as described previously (44) . The protein content was normalized by the DNA content to correct for differences in the cell number.
Statistics-Data are given as mean Ϯ S.D. Statistical analyses were performed using the analysis of variance. The posttest comparison was performed by the method of Tukey. Significance was accepted at p Ͻ 0.05 level.
RESULTS
The Ras-MAPK Pathway Does Not Mediate Activation of ANF by ␤AR Stimulation-Because the Ras-MAP kinase (ERKs, JNKs, and p38-MAPK) pathways mediate cardiac hypertrophy initiated by many growth factors (10, 45), we examined whether these mechanisms are critical for ANF transcription by ␤AR stimulation. We first asked whether stimulation of the ␤AR activates MAP kinases sufficiently enough to affect nuclear transcription factors. We used sensitive reporter gene assays, which detect transcriptional activities of GAL4-Elk1, c-Jun, ATF2, and CHOP fusion proteins. Activation domains of Elk1, c-Jun, ATF2, and CHOP are phosphorylated by distinct members of the MAP kinase family (Elk1: ERKs, JNKs, and p38-MAPK; c-Jun: JNKs; ATF2: JNKs, p38-MAPK; CHOP: p38-MAPK), which in turn increases their transcriptional activities (46) . As expected, these transcription factors were strongly activated by upstream regulators of MAP kinases, including constitutively active Ras, MEKK1, and MKK3, in cardiac myocytes (Fig. 1A) . By contrast, stimulation of the ␤AR by ISO only modestly increased transcriptional activities of GAL4-Elk1 and GAL4-ATF2 and decreased those of GAL4-cJun and GAL4-CHOP (Fig. 1A) . The effect of PE, an agonist for the ␣1 adrenergic receptor and a hypertrophic stimulus, was also examined. PE potently activated GAL4-Elk1 and GAL4-cJun. PE only modestly stimulated ATF2-GAL4, whereas it slightly decreased GAL4-CHOP. These results suggest that ligand binding to the ␤AR stimulates some members of the MAP kinase family only modestly to affect activities of the nuclear transcription factors.
We have previously shown that stimulation of the ␤AR increases ANF expression through increases in transcription. 2 Selective inhibition of MAP kinases by co-transfection of dominant negative MEK, dominant negative MEKK1, or dominant negative p38-MAPK failed to significantly inhibit ␤AR-stimulated increases in activities of the ANF promoter, which is determined by using the ANF-Luc reporter gene (Fig. 1B) . SB203580, a specific inhibitor for p38-MAPK/p38␤1-MAPK and some isoforms of JNK (47) 6 cells/sample) were transfected with a 5ϫ GAL4-Luc reporter plasmid (1 g/sample); either GAL4-Elk1, GAL4-cJun, GAL4-ATF2, or GAL4-CHOP (25 ng/sample); and SV40-␤-gal (0.5 g/sample). Twenty-four h after transfection, myocytes were further treated with either ISO (10 M) or PE (10 M) for an additional 24 h. Some myocytes were co-transfected with expression plasmids encoding constitutively active Ras, constitutively active MEKK1, or constitutively active MKK3 (100 ng) as positive controls. For both panels, activities of luciferase were normalized by those of ␤-gal. Normalized luciferase values obtained from unstimulated samples (Cont) are expressed as 1. *, p Ͻ 0.05; ***, p Ͻ 0.001 versus control. n ϭ 4 -9. B, cardiac myocytes were cotransfected with ANF-Luc (638) (1 g/sample) and the indicated doses of expression plasmids encoding dominant negative (DN) MEK1, dominant negative MEKK1, dominant negative p38, or dominant negative Ras. Twenty-four h after transfection, myocytes were stimulated with ISO (10 M) for an additional 24 h. n ϭ 6. 1B). We have recently shown that dominant negative MEK and N17Ras significantly suppresses ANF transcription stimulated by angiotensin II, whereas dominant negative MEKK1, SB203580, and N17Ras significantly suppress ANF transcription stimulated by phenylephrine in cardiac myocytes (17 (Fig. 2A) . Thus, Ca 2ϩ -dependent mechanisms play an important role in ␤AR-stimulated ANF transcription.
Because stimulation of the ␤AR increases cAMP and activates PKA in cardiac myocytes, we tested whether or not stimulation of PKA activates ANF transcription in cardiac myocytes. Expression of the catalytic subunit of PKA strongly stimulated the PKA activity in cardiac myocytes because it increased activities of co-transfected cAMP-response elementbinding protein-GAL4 by 28.6 Ϯ 5.7-fold (n ϭ 6), which is known to be activated by Ca 2ϩ -or PKA-dependent mechanisms (49) . Marked increases in PKA activities, however, did not significantly stimulate ANF-Luc activities compared with ISO stimulation in cardiac myocytes (Fig. 2B) , suggesting that activation of PKA alone does not account for ISO-induced increases in ANF transcription.
The PI3K Pathway Mediates ANF Transcription by ␤AR Stimulation-We next examined the role of another growth factor-activated protein kinase pathway regulated by 3 phosphoinositides in ␤AR-stimulated ANF transcription. To examine the role of 3 phosphoinositides, we transfected various amounts of PTEN, a phosphatase that selectively dephosphorylates the 3 position of both phosphatidylinositol-3,4,5-trisphosphate and phosphatidylinositol-3,4-bisphosphate (50) . Expression of PTEN in cardiac myocytes dose-dependently inhibited ␤AR-stimulated ANF transcription (Fig. 3A) .
To examine whether activation of PI3K and subsequent generation of 3 phosphoinositides is sufficient to stimulate ANF transcription, we transfected constitutively active p110*, a membrane-attached catalytic subunit of PI3K, which possesses increased kinase activities (41) . Expression of p110* dose-dependently stimulated ANF transcription in cardiac myocytes. By contrast, expression of p110* kinase (-), in which the kinase domain was deleted from p110*, failed to stimulate ANF. These results suggest that increased production of 3 phosphoinositides stimulates ANF transcription (Fig. 3B) . Taken together, these results are consistent with the notion that increases in 3 phosphoinositides are necessary and sufficient for ISO-induced increases in ANF transcription.
␤AR Stimulation Causes Akt Activation through Both 3 phos- 
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phoinositides-and CaM Kinase II-dependent Mechanisms-We next examined whether stimulation of the ␤AR activates Akt, a major mitogen-activated protein kinase, the activity of which is regulated by both PI3K-dependent and -independent mechanisms. Immune complex kinase assays, using paramyosin-GSK3␣ peptide 7-25 as a substrate, showed that ISO significantly increased kinase activities of Akt at 10 min, and kinase activities were still elevated at 60 min (Fig. 4A) . Only background levels of kinase activities were detected when samples were immunoprecipitated with control antibody (a triangle in Fig. 4A ). ISO-induced increases in Akt activities are mediated by the ␤AR because they were significantly attenuated by propranolol treatment (data not shown).
The role of PI3K in ␤AR-mediated Akt activation was examined by using PI3K inhibitors. Two distinct PI3K inhibitors, namely wortmannin and LY290042, significantly reduced both basal and ISO-induced increases in the Akt activity (Fig. 4B) , suggesting that the PI3K activity is required for both basal activity and ISO-induced activation of Akt. ISO-induced increases in Akt activity were also inhibited by KN93, suggesting that CaM kinase II may mediate ISO-induced Akt activation (Fig. 4C) . ISO-stimulated increases in Akt were accompanied by increased phosphorylation of Akt at Ser-473 (Fig. 4D ), which were inhibited in the presence of wortmannin, LY290042 or KN93 (Fig. 4D and data not shown) . These results suggest that Akt activation by ISO is mediated by both PI3K-and CaM kinase II-dependent mechanisms.
Akt Stimulates Cardiac Myocyte Hypertrophy-To determine whether Akt is able to stimulate cardiac hypertrophy, constitutively active Akt with HA epitope tag was expressed in cardiac myocytes. Akt (E40K) has a mutation in the pleckstrin homology domain, which has been suggested to have higher affinity for 3 phosphoinositides (40). Myr-Akt has a myristoylation signal sequence at its N terminus and is localized at the plasma membrane (40) . Cardiac myocytes expressing either type of constitutively active Akt (HA-positive cells) exhibited a significantly larger cell surface area than control myocytes (HA-negative cells) (Fig. 5A) . Increases in the myocyte surface area by constitutively active Akt were comparable to those by isoproterenol and phenylephrine (positive control). Infection of The kinase activity of Akt was determined by the immune complex kinase assay using paramyosin-GSK3␣ (peptide 7-25) fusion protein as a substrate. GSK3␣ (peptide 7-25) phosphorylated at Ser-21 was quantitated by Western blot analyses using the anti-phospho-GSK3␣/␤ (Ser-21/Ser-9) antibody. The kinase activity at time 0 is expressed as 1. A triangle indicates that the background kinase activity was determined by using immunoprecipitates with control serum. n ϭ 4 for each time point. In B, cardiac myocytes were pretreated with or without wortmannin ( 
FIG. 5. Akt stimulates cardiac hypertrophy.
In A and C, cardiac myocytes were transfected with constitutively active Akt (Akt (E40K) or myr-Akt) with HA tag and cultured in serum-free conditions. Fortyeight h after transfection, myocytes were fixed and stained with anti-HA antibody. A, the mean surface area of cardiac myocytes was determined from 20 myocytes each in HA-positive and -negative groups. Some myocytes were treated with or without ISO (10 M) or phenylephrine (Phe) (10 M) for 48 h. Microscope images (ϫ 400) captured by a digital camera were analyzed by using Adobe Photoshop. The mean myocyte surface area was expressed as a value relative to that of control. The results shown are representative of three experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus control. B, cardiac myocytes were infected with the indicated doses of recombinant adenovirus harboring myr-Akt or control adenovirus harboring ␤-galactosidase and cultured in serum-free conditions. Left, 48 h after infection, myocytes were harvested, and the protein/DNA content was determined. n ϭ 6. *, p Ͻ 0.05; **, p Ͻ 0.01 versus uninfected control. cardiac myocytes with adenovirus harboring myr-Akt (adenomyr-Akt) dose-dependently increased the protein/DNA content compared with uninfected myocytes. Infection with adenovirus harboring ␤-galactosidase did not significantly affect the protein/DNA content. (Fig. 5B) . Infection with adeno-myr-Akt caused significant levels of myr-Akt expression in cardiac myocytes (Fig. 5B) .
Double staining of myocytes with anti-HA and anti-ANF antibodies showed that expression of constitutively active Akt increased typical perinuclear ANF staining in cardiac myocytes (Fig. 5C) (51, 52) . It has been shown that PDK1 is constitutively active and that 3 phosphoinositides binding induces a conformational change of PDK1, which makes Akt accessible to PDK1 (53) . Expression of the wild type PDK1 increased basal transcriptional activities of ANF and stimulation with ISO synergistically enhanced it (Fig. 6A) . The fact that ISO further increased PDK1-induced increases in ANF transcription is consistent with the notion that ISO stimulation increases production of 3 phosphoinositides. Expression of the wild type Akt alone did not stimulate ANF transcription, but ISO stimulation enhanced ANF transcription (Fig. 6B) . Two types of constitutively active Akt (myr-Akt and Akt (E40K) (40)) were both sufficient to stimulate ANF transcription (Fig.  6C) , although activation of ANF transcription by Akt (E40K) was not as strong as that by ISO. These results suggest that increased kinase activities of Akt are sufficient to stimulate ANF transcription, but additional mechanisms may exist for full activation of ANF transcription by ISO.
To examine whether activation of Akt is required for transcriptional activation of ANF by ISO, we transiently expressed two forms of dominant negative HA-Akt (catalytically inactive Akt (Akt-KI (K179M)) and Akt fused to the Ras CAAX membrane targeting sequence (Akt-CAAX) (40, 54) ). Both types of dominant negative HA-Akt significantly suppressed ISO-induced increases in ANF transcription (Fig. 6D) . Interestingly, the effect of dominant negative Akt was stimulus-specific: phenylephrine-induced activation of ANF-Luc was inhibited by Akt-KI but not by Akt-CAAX, whereas ANF-Luc activation by fetal bovine serum was suppressed by Akt-CAAX but not by Akt-KI. This suggests that mechanisms of ANF-Luc activation by ISO, PE, and fetal bovine serum are not identical. Akt may potentially affect translation of the reporter genes (luciferase and ␤-gal) through the mammalian target of rapamycin and p70 S6K . However, this possibility seems unlikely because rapamycin failed to inhibit ISO-induced increases in ANF transcription (not shown). Taken together, these results suggest that activation of Akt is required for increased ANF transcription by ISO.
Akt-induced Phosphorylation and Inhibition of GSK3␤ Are Involved in ANF Transcription by ␤AR-GSK3 is phosphorylated by Akt at either Ser-21 of GSK3␣ or Ser-9 of GSK3␤ and phosphorylation at these sites has been shown to inhibit kinase activities of GSK3. We examined whether GSK3 is involved in ISO-induced stimulation of ANF transcription. The status of phosphorylation at Ser-9 was evaluated by immunoblotting with anti-phospho-Ser-9 GSK3␤ specific antibody. We found that ISO increased Ser-9 phosphorylation of GSK3␤, which peaked at 10 min and persisted for more than 60 min. Immunoblotting of the duplicate samples with anti-GSK3␤ antibody indicated that each sample contained comparable amounts of total GSK3␤ (Fig. 7A) . Ser-9 phosphorylation of GSK3␤ was accompanied by decreases in the kinase activity of GSK3␤, which was determined by the immune complex kinase assay. GSK3␤ exhibited significant levels of the kinase activity in the A and B) . Twenty-four h after transfection, myocytes were stimulated with ISO (10 M) for an additional 24 h, and then activities of luciferase and ␤-gal were determined. A, n ϭ 12; B, n ϭ 15. *, p Ͻ 0.05; **, p Ͻ 0.01 versus control (Cont, left columns). C, cardiac myocytes were transfected with ANF-Luc (638), SV40-␤-gal, and expression plasmid encoding constitutively active Akt (myr-Akt or Akt(E40K)) or pcDNA3. Forty-eight h after transfection, activities of luciferase and ␤-gal were determined. Some myocytes transfected with pcDNA3 were stimulated with ISO (10 M) during the last 24 h. n ϭ 6 -9. *, p Ͻ 0.05; **, p Ͻ 0.01 versus control (Cont, left column) . D, cardiac myocytes were co-transfected with ANF-Luc and SV40-␤-gal together with expression plasmid encoding dominant negative Akt (Akt-CAAX or Akt kinaseinactive (Akt (K179M), designated Akt-KI)) or pcDNA3 (Cont). Twentyfour h after transfection, myocytes were stimulated with ISO (10 M), phenylephrine (Phe) (10 M), or fetal bovine serum (FBS) (20%) for an additional 24 h. Activities of luciferase were normalized by those of ␤-gal. The number of the samples analyzed is indicated on each column. *, p Ͻ 0.05; ***, p Ͻ 0.001 versus myocytes transfected with pcDNA3 without stimulation (left column). ϩ, p Ͻ 0.05; ϩϩ, p Ͻ 0.01; ϩϩϩ, p Ͻ 0.001 versus myocytes transfected with pcDNA3 and treated with the respective stimulus.
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control state, consistent with a previous observation by Beals et al. (35) . The kinase activity of GSK3␤ was markedly reduced within 10 min of ISO stimulation and remained reduced for more than 60 min in the presence of ISO (Fig. 7B) , which coincided well with the time course of Akt activation and Ser-9 GSK3␤ phosphorylation by ISO stimulation.
Overexpression of GSK3␤ in cardiac myocytes significantly inhibited both basal and ISO-induced ANF-Luc activation (Fig.  8A) . Although ISO was able to modestly stimulate ANF-Luc when a small amount of GSK3␤ was transfected, ISO-induced increases in ANF-Luc activation were abolished when a larger dose of GSK3␤ was transfected. These results suggest that the wild type GSK3␤ acts as a dominant negative for ANF transcription and that ISO stimulation counteracts the negative effect of GSK3␤. Consistent with this, expression of a kinaseinactive form of GSK3␤ increased basal activities of ANF-Luc and blunted ISO-induced increases in ANF-Luc (Fig. 8B) . Furthermore, expression of GSK3␤ (S9A), which has a point mutation at Ser-9 and the kinase activities of which cannot be inhibited by Akt (55), dose-dependently inhibited both basal and ISO-induced activation of ANF-Luc (Fig. 8C) . These results indicate that the effect of ISO may be mediated by Ser-9 phosphorylation and inactivation of GSK3␤. Furthermore, inactivation of GSK3␤ is required for ISO-induced increases in ANF transcription.
Calcineurin Partially Mediates ISO-stimulated ANF Transcription-Recent evidence suggests that calcineurin, a protein phosphatase activated by sustained increases in intracellular Ca 2ϩ , plays an important role in mediating cardiac hypertrophy caused by many stimuli. Previous reports suggest that calcineurin causes dephosphorylation/nuclear accumulation of NF-AT3, whereas GSK3␤ causes phosphorylation/nuclear exit of NF-AT3, thereby antagonizing the effect of calcineurin (35) . Thus, inhibition of GSK3␤ by Akt could serve as alternative mechanism regulating nuclear events, including activation of NF-AT3. Because Ca 2ϩ plays an essential role in ISO-induced ANF transcription, it is possible that calcineurin may mediate ␤AR-stimulated ANF expression. To examine the role of calcineurin and to determine the relative importance between calcineurin versus the Akt-GSK3␤ pathway, we examined the effect of cyclosporin A, an inhibitor of calcineurin, on ISOinduced increases in ANF transcription. Although cyclosporin A dose-dependently inhibited ISO-induced increases in ANF transcription (Fig. 9A) , the inhibitory effect of cyclosporin A FIG. 7 . Stimulation of the ␤AR time-dependently causes Ser-9 phosphorylation of GSK3␤ in cardiac myocytes. A, cardiac myocytes were stimulated with ISO (10 M) for the indicated durations. Phosphorylation of GSK3␤ was determined by the Western blot analysis using anti-phospho-Ser-9 GSK3␤ antibody (bottom panel). Filters were stripped and reprobed with anti-GSK3␤ antibody (top panel). The result shown is representative of four experiments. B, stimulation of the ␤AR suppresses the kinase activity of GSK3␤ in cultured neonatal rat cardiac myocytes. Cardiac myocytes were stimulated with ISO (10 M) for indicated durations. The kinase activity of GSK3␤ was determined by the immune complex kinase assay using phosphorylated GS peptide-2 as a substrate. The kinase activity at time 0 is expressed as 1. Unstimulated myocytes were also subjected to immunoprecipitation with control serum, and kinase activities were determined (background). n ϭ 3 for each time point. The result shown is representative of three experiments.
FIG. 8.
Effects of GSK3␤ and its mutants on the transcriptional activity of ANF in cardiac myocytes. Cardiac myocytes were transfected with ANF-Luc (638), SV40-␤-gal, and either GSK3␤ wild type (A), GSK3␤ kinase-inactive (B), GSK3␤ S9A (C), or the corresponding empty vector (pcDNA3) (A-C, Control). Twenty-four h after transfection, cardiac myocytes were stimulated with ISO (10 M) for an additional 24 h. Activities of luciferase were normalized by those of ␤-gal. A, n ϭ 9; B, n ϭ 9; C, n ϭ 11. **, p Ͻ 0.01; ***, p Ͻ 0.001 versus the respective controls; #, p Ͻ 0.05; ##, p Ͻ 0.01 versus control without GSK3␤ (left columns).
was smaller than that by GSK3␤ (see Fig. 8 for comparison) . This suggests that although calcineurin may be involved, ␤AR-stimulated ANF transcription is predominantly regulated by the Akt-GSK3␤ pathway (Fig. 9B) .
DISCUSSION
In the present investigation, we have evaluated the role of several signaling pathways in the regulation of ANF transcription by cardiac ␤AR stimulation. Our results indicate that ANF transcription caused by ␤AR stimulation is mediated by a unique signaling mechanism distinct from that caused by other stimuli, including agonists for Gq-coupled receptors: both Ca 2ϩ -and 3 phosphoinositides-dependent signaling mechanisms stimulated by the ␤AR converge at the level of Akt activation, and the Akt-GSK3␤ pathway mediates ANF transcription in cardiac myocytes.
The Ca 2ϩ -and 3 phosphoinositides-dependent Mechanisms, Rather Than MAP Kinases or PKA, Mediate ISO-induced ANF Transcription-Our results indicate that some components of MAP kinases may be activated by ISO in neonatal cardiac myocytes. However, activation of the MAP kinases by ISO seems modest and causes only small activation of the nuclear transcription factors, the activity of which is known to be regulated by MAP kinases: ISO only slightly stimulated transcriptional activities of Elk 1and ATF2, and it failed to stimulate those of c-Jun and CHOP. Furthermore, specific inhibition of the each member of the MAP kinase family or combined inhibition by dominant negative Ras failed to suppress increases in ANF transcription by ␤AR stimulation. These results are consistent with the notion that Ras and members of the downstream MAP kinase family are not essential for ISO-mediated ANF transcription. This property makes ␤AR-mediated cardiac hypertrophy distinct from Gq agonists-mediated one, in which members of MAP kinases play predominant roles in ANF transcription (11, (13) (14) (15) (16) (17) . Because increased production of cAMP or activation of PKA alone is not inhibitory for Ras/Raf-1 or ERKs in cardiac myocytes (5, 7), the mechanism of less efficient coupling of ␤ARs and MAP kinases in cardiac myocytes remains to be elucidated. In this study, we also provide evidence that potent stimulation of PKA alone does not significantly stimulate ANF transcription.
Our results strongly suggest that signaling mechanisms dependent upon Ca 2ϩ and 3 phosphoinositides are important for ␤AR-stimulated ANF transcription. Both a Ca 2ϩ antagonist and a CaM kinase II inhibitor significantly inhibited ANF transcription, whereas increased intracellular Ca 2ϩ by electrical pacing or overexpression of CaM kinase II has been shown to stimulate ANF transcription (48, 56) . PTEN, a phosphatase, which specifically dephosphorylates the position D3 of 3 phosphoinositides (50), significantly reduced ISO-mediated ANF transcription, whereas constitutively active PI3K (P110*) stimulated ANF transcription. Stimulation of the ␤AR causes activation of L-type Ca 2ϩ channels through Gs␣-and cAMPdependent mechanisms, thereby increasing Ca 2ϩ influx. Production of 3 phosphoinositides may be also stimulated by ISO in cardiac myocytes, because the stimulatory effect of PDK1 on ANF transcription was synergistically stimulated by ISO. It has been shown that the stimulatory effect of PDK1 on Akt is greatly enhanced by 3 phosphoinositides (53) . At present, however, we do not know how 3 phosphoinositides is generated by ␤AR stimulation. PI3K␥-p101 dimer is known to be regulated by G␤␥ (57) and is a likely candidate to communicate G protein to Akt (58) . However, PI3K␥ is highly expressed in hematopoietic cells but poorly expressed in other tissues, including the heart (57). We and others have previously shown that ISO is able to stimulate tyrosine kinases (59, 60) . A dominant negative molecule for the PI3K regulatory subunit partially inhibited ISO-induced ANF transcription. 3 This suggests that ISO regulates PI3Ks (namely p110␣ and p110␤) in part through tyrosine kinase-dependent mechanisms.
Akt Mediates ␤AR-stimulated Cardiac Hypertrophy-We demonstrated that ISO causes significant and persistent activation of Akt in cardiac myocytes. Two forms of constitutively active Akt promote cardiac hypertrophy, including increases in FIG. 9 . Cyclosporin A partially inhibits ANF transcription by ␤AR stimulation. A, cardiac myocytes were transfected with ANF-Luc (638) and SV40-␤-gal. Twenty-four h after transfection, myocytes were treated with cyclosporin A at the concentrations indicated for 30 min and then stimulated with or without ISO (10 M) for 24 h. n ϭ 6 -9. Activities of luciferase were normalized by those of ␤-gal. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus the respective control. #, p Ͻ 0.05 versus myocytes treated with ISO without cyclosporin A. B, current hypothesis as to how stimulation of the ␤AR causes activation of ANF transcription. Note that an active form of GSK3␤ is inhibitory for ANF transcription (indicated by the dashed line), but inactivation of GSK3␤ by Akt removes the inhibitory effect of GSK3␤, thereby stimulating ANF transcription. The Akt-GSK3␤ pathway together with the calcineurin pathway mediates ANF transcription by ␤AR stimulation. The transcription factor that mediates the effect of the Akt-GSK3␤ pathway remains to be determined. the cell surface area, total protein content, and expression of ANF. Furthermore, two types of dominant negative Akt inhibit ANF transcription in response to ␤AR stimulation. Thus, Akt is an essential growth factor-activated protein kinase, which mediates ␤AR-stimulated ANF transcription in cardiac myocytes. ANF transcription and Akt activation initiated by ␤AR stimulation are both mediated by CaM kinase II-and 3 phosphoinositides-dependent mechanisms, suggesting that CaM kinase II-and 3 phosphoinositides-dependent signals stimulated by the ␤AR may converge at the level (or upstream) of Akt.
In other cell types, several molecules, the functions of which are relevant for cardiac hypertrophy, are phosphorylated as a result of Akt activation. For example, activated protein kinase B indirectly activates the target of rapamycin kinase (reviewed in Ref. 61) , which stimulates protein translation in two ways: it activates p70 S6K , which phosphorylates S6, a ribosomal protein, and it inactivates 4E-BP-1 protein, an inhibitor of protein translation initiation factor eIF4E (25) . Akt regulates activities of transcription factors, including cAMP-response elementbinding protein (32) , FKHRL1 (30, 31) , E2F (29) , and NFB (33) . In this study, we have shown that Akt regulates nuclear transcription factors through downstream kinase GSK3␤ (see below). Thus, Akt potentially regulates gene expression accompanied by cardiac hypertrophy. Cardiac hypertrophy is also accompanied by changes in the cell metabolism (62) . Akt causes translocation of GLUT4 to the plasma membrane in adipocytes and skeletal myotubes (43, 63) and activates 6-phosphofructo-2-kinase, the enzyme responsible for fructose 2,6-bisphosphate synthesis in the heart (64), thereby stimulating glucose uptake and glycolysis, respectively. It will be of great interest to determine whether any of these effector molecules of Akt are involved in cardiac hypertrophy caused by ␤AR stimulation.
ISO activates Akt in the rat epididymal fat cells via a PI3K-independent mechanism (65). Our results suggest that ISOinduced activation of Akt may be mediated by a PI3K-dependent mechanism because it was blocked by PI3K inhibitors. However, a possibility remains that the effect of PI3K inhibitors may be mediated by reduction of the basal level of 3 phosphoinositides rather than by blockade of ISO-induced PI3K activation because PI3K inhibitors also reduced basal activities of Akt. ISO-induced Akt activation was also inhibited by a CaM kinase II inhibitor, KN93. Although Akt has been shown to be directly phosphorylated at Thr-308 and activated by CaM kinase kinase in NG108 cells (66) , to our knowledge, the critical role of CaM kinase II in activation of Akt has not been reported previously. Increases in intracellular Ca 2ϩ levels also stimulate Akt in cardiac myocytes. 3 Thus Ca 2ϩ -dependent cell signals are both necessary and sufficient for Akt activation by ␤AR stimulation in cardiac myocytes. In our study, ISOinduced activation of Akt was accompanied by phosphorylation of Ser-473. Thus, the mechanism of ISO-induced activation of Akt in cardiac myocytes may be distinct from cAMP-mediated activation of Akt in 293 cells, in which Ser-473 is unaffected (67) . Further studies are required to elucidate the mechanism of Akt activation by ␤AR stimulation in cardiac myocytes.
GSK3␤ Negatively Regulates ANF Transcription-Among known substrates of Akt, GSK3␤ is involved in ␤AR-stimulated ANF transcription. First, GSK3␤ is phosphorylated at Ser-9, and its kinase activity is suppressed in response to ISO in cardiac myocytes. Second, overexpression of wild type GSK3␤ inhibits ␤AR-stimulated ANF transcription, whereas kinaseinactive GSK3␤ stimulates ANF transcription. Third, suppression of ANF transcription by wild type GSK3␤ is partially reversed by ISO stimulation when a small amount of GSK3␤ is transfected. By contrast, suppression of ANF transcription by GSK3␤(S9A), in which a known phosphorylation site by Akt is mutated, is not reversed by ISO stimulation. These results suggest that GSK3␤ in the control state is active and negatively regulates ANF transcription, whereas upon ␤AR stimulation, GSK3␤ is phosphorylated and inactivated most likely by Akt, thereby releasing its negative constraint on ANF transcription. Expression of kinase-inactive GSK3␤ blunted ISOinduced increases in ANF transcription, probably because regulation of GSK3␤ activities by ␤AR stimulation are reduced in the presence of kinase-inactive GSK3␤. It should be noted that ISO-induced increases in ANF transcription are not completely abolished in the presence of kinase-inactive GSK3␤. At present, we do not know whether this occurs because the kinaseinactive GSK3␤ works less effectively as dominant negative or because additional (GSK3␤-independent) mechanisms are also involved in ␤AR stimulated ANF transcription.
Both the Akt-GSK3␤ Pathway and Calcineurin Regulate ANF Transcription by ␤AR Stimulation in Cardiac Myocytes, with the Former Being a Predominant Mechanism-GSK3␤
phosphorylates various cellular substrates, including glycogen synthase, ␤-catenin, NF-AT3, cyclin D1, c-Jun, and C/EBP ␣ (35, 37, 68 -70) . Phosphorylation of cellular substrates by GSK3␤ either directly suppresses enzyme activities, promotes proteolysis, or changes subcellular localizations (35, 37, 68 -70) . For example, GSK3␤ promotes degradation of ␤-catenin and nuclear exit of NF-AT3 (9, 35) . In this regard, GSK3␤ may serve as a negative regulator of the calcineurin-NF-AT3 pathway, which has recently emerged as an important signaling mechanism for cardiac hypertrophy (18, 19) . On the other hand, signaling mechanisms inhibiting GSK3␤ remove the negative constraint of GSK3␤ on its downstream targets. For example, Wnt signaling blocks the GSK3␤ activity, thereby stabilizing ␤-catenin. Stabilized ␤-catenin subsequently translocates to the nucleus and activates target gene expression by binding and subsequent conversion of transcriptional repressors (pan/LEF-1) into activators (reviewed in Ref. 34) . Because inhibition of calcineurin by cyclosporin A treatment only partially inhibited ␤AR-stimulated ANF transcription (Fig. 9A) , the Akt-GSK3␤ may be an alternative mechanism to regulate activities of NF-AT3 (Fig. 9B) . The mechanism by which GSK3␤ negatively regulates ANF transcription remains to be elucidated. It will be of great interest to determine whether ␤-catenin, NF-AT3, or other nuclear transcription factors are the nuclear target of GSK3␤ to regulate ANF transcription in cardiac myocytes. Furthermore, whether GSK3␤ regulates other aspects of hypertrophy, including increases in the protein synthesis and cytoskeletal organization, remains to be elucidated.
In summary, the CaM kinase II-and 3 phosphoinositidesmediated signals, rather than the MAPK or PKA pathway, mediate ANF transcription initiated by the ␤AR stimulation. Furthermore, the Akt-GSK3␤ pathway was identified to be an important regulator of ␤AR-stimulated ANF expression. Although agonists for the ␤AR and Gq-coupled receptors cause cardiac hypertrophy with a similar phenotype, the mechanisms of hypertrophy are distinct between Gs-and Gq-coupled receptors. Because Akt is a key regulator of cell survival, it will be interesting to determine whether or not hypertrophy stimulated by Akt and MAP kinases exhibit distinct functional properties and prognosis.
